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ABSTRACT
We consider the evolution of an isentropic thermal instability in the atomic zone of a
photodissociation region (PDR). In this zone, gas heating and cooling are associated
mainly with photoelectric emission from dust grains and fine-structure lines ([C ii]
158, [O i] 63, and [O i] 146 µm), respectively. The instability criterion has a multi-
parametric dependence on the conditions of the interstellar medium. We found that
instability occurs when the intensity of the incident far-ultraviolet field G0 and gas
density n are high. For example, we have 3 × 103 < G0 < 106 and 4.5 × 104 < n < 106
cm−3 at temperatures 360 < T < 104 K for typical carbon and oxygen abundances
ξC = 1.4 × 10−4 and ξO = 3.2 × 10−4. The instability criterion depends on the relation
between ξC and ξO abundances and line opacities. We also give examples of observed
PDRs where instability could occur. For these PDRs, the characteristic perturbation
growth time is tinst ∼ 103 – 104 yr and the distance characterizing the formation of
secondary waves is L ∼ 10−3 – 5×10−2 pc. For objects that are older than tinst and have
sizes of the atomic zone larger than L, we expect that instability influences the PDR
structure significantly. The presence of multiple shock waves, turbulent velocities of
several kilometers per second and inhomogeneities with higher density and tempera-
ture than the surrounding medium can characterize isentropic thermal instability in
PDRs.
Key words: hydrodynamics – instabilities – shock waves – photodissociation region
(PDR)
1 INTRODUCTION
A presentation of thermal instability is given by classical
articles (Parker 1953; Zanstra 1955; Field 1965), in which
different types of instability are derived within linear the-
ory. Usually, in the study of the structure of the interstellar
medium, the isobaric mode of thermal instability was con-
sidered (Baranov & Krasnobaev 1977; Kaplan & Pikelner
1979; Osterbrock & Ferland 2006). For example, the result
of evolution of this mode was proposed to explain the ob-
served two-phase structure (the co-existence of cold clouds
and warm intercloud medium in pressure equilibrium) of the
diffuse atomic interstellar medium (Field 1969; Wolfire et al.
1995, 2003). The criterion for the isobaric mode is stated in
terms of the derivative of the generalized heat-loss function
⋆ Contact e-mail: kvk-kras@list.ru
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Q at a constant pressure p0
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=
(
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− ρ
T
∂Q
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)
ρ0,T0
> 0, (1)
where Q = Γ−Λ is defined as the energy gain Γ minus energy
loss Λ (in erg g−1 g−1) in a static medium of density ρ0 and
temperature T0 (i.e. Q(ρ0,T0) = 0). Condition 1, in the limit
of small Q corresponds to entropy perturbations.
Significantly fewer articles are devoted to another type
of thermal instability, the isentropic mode (also known as
acoustic instability). This is due to the fact, that to satisfy
the condition for this mode, special behaviour of the heat-
loss function Q is required (for more details, see Section 2.3).
The criterion for the isentropic mode is stated in terms of
the derivative of Q at constant entropy s0:
∂Q
∂T

s0
=
(
∂Q
∂T
+
ρ
(γ − 1)T
∂Q
∂ρ
)
ρ0,T0
> 0, (2)
where γ is the adiabatic index. In the limit of small Q con-
dition 2 corresponds to nearly adiabatic acoustic waves (i.e.
adiabatic perturbations).
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For the interstellar medium, acoustic instability was
first studied in the article of Oppenheimer (1977) for the
molecular zone of photodissociation regions (PDRs). Fur-
ther, this instability was discovered by Shchekinov (1979)
for the gas behind a radiating shock wave. The prob-
lems of non-linear evolution of isentropic perturbations
were considered by Krasnobaev & Tarev (1987). They found
that non-linear steepening of a wave occurs due to the
growth of perturbations and it is accompanied by for-
mation of a shock wave. The effects of non-linear steep-
ening of a wave in magnetized plasmas were explored
by Nakariakov, Mendoza-Briceno & Ibanez (2000). Apply-
ing the Oppenheimer model, Krasnobaev, Sysoev & Tarev
(1994) found that a sequence of self-sustained shock waves
(also known as autowaves) is formed. Molevich et al. (2011)
investigated analytically and numerically the non-linear evo-
lution and structure of plane autowaves in the atomic sur-
face layer of a PDR. However, they considered only one
case with density n ∼ 103 cm−3 and incident far-ultraviolet
flux G0 = 10
2 and did not take into account cooling in
the oxygen fine-structure lines, which becomes significant
under these conditions (Wolfire et al. 1995). Moreover, ob-
servations of PDRs indicate that n and G0 vary within a
very wide range of parameters (Hollenbach & Tielens 1999;
Okada, Pilleri & Berne 2013), which will be considered be-
low.
Thus, the structure of our article is as follows. We
present a model of energy balance in the atomic zone of a
PDR. The model includes fine-structure emission in the car-
bon and oxygen lines; see Section 2. Based on this model, we
define conditions when the steady-state Q(ρ0,T0) = 0 satis-
fies criterion 2. We analyse wide ranges of the far-ultraviolet
field 10 < G0 < 10
6, gas densities 10 < n < 106 cm−3 and
temperatures 10 < T < 104 K, see Section 3. We use the
results of previous sections to identify astrophysical objects
with parameters corresponding to adiabatic perturbations
and we analyse the ability for instability to occur in them;
see Section 4.
2 ENERGY BALANCE
Photodissociation regions are regions where the energy bal-
ance and gas chemistry are determined mainly by far-
ultraviolet radiation (FUV) in the range 6 – 13.6 eV. For
example, a PDR is often formed at the surface of a neutral
molecular cloud, which is close to young stars of O or B type.
The general structure of a PDR has been studied in suffi-
cient detail (Tielens & Hollenbach 1985; Tielens 2005) and
can be described as follows. The medium around stars is ion-
ized due to the radiation of photon energies larger than 13.6
eV; thereby a region of ionized hydrogen (H ii) is formed.
We consider the structure of a PDR assuming that the H ii
region has reached pressure equilibrium with the surround-
ing medium. Radiation with energy < 13.6 eV penetrates
into the interstellar medium before the ionization front, dis-
sociates molecular hydrogen H2 in the Lyman and Werner
bands (11.2 – 13.6 eV) and ionizes carbon. A neutral zone of
atomic hydrogen (H i) is formed; it is characterized by small
impurities of heavy elements, such as (mainly) carbon ions
(C ii) and oxygen atoms (O i). When the distance from stars
increases and the FUV flux reduces, a C ii transition into
carbon monoxide (CO) occurs in the molecular cloud. At a
greater distance, atomic oxygen transforms into molecular
O2. In this article, we will focus on the H i zone in a PDR
(it is located between the ionization and dissociation fronts).
Heating of atomic gas can occur through the following
main processes: the photoelectric effect on large molecules
and small dust grains; photopumping of H2 molecules fol-
lowed by collisional de-excitation of the resulting vibra-
tionally excited species; neutral carbon photoionization. The
last process is usually negligible compared with photoelec-
tric emission. However, the FUV-pumped H2 emission at
high densities (n > 104−5 cm−3) can be important and it
has the same order as the photoelectric effect when the Ly-
man and Werner radiation fields are absorbed by H2 lines
rather than by dust (Burton, Hollenbach & Tielens 1990).
A comparison of the H2 line and dust absorption rates can
be obtained by the steady-state H2 formation-destruction
equation, i.e. if we examine the ratio of the dissociation
rate to the H2 formation rate (or the atomic-to-molecular
density ratio), which takes into account the attenuation of
radiation. This ratio is expressed in the simplest approxima-
tion (Draine & Bertoldi 1996; Hollenbach & Tielens 1999;
for more details see Sternberg et al. 2014) as the ratio of
the incident FUV flux G0 (measured in units of 1.6 × 10−3
erg cm−2 s−1: Habing 1968) to the density of hydrogen nu-
clei n. The critical value of G0/n is approximately equal to
0.04 cm3; it corresponds to atomic and molecule column
densities of N(H i) = N(H2) ∼ 1021 cm−2 in the dissocia-
tion front, or visual extinction AV ∼ 1. If G0/n exceeds the
critical value, then dust opacity becomes important. Thus,
when G0/n < 0.04 cm3 (AV < 1), gas heating of the pump-
ing H2 is significant and, conversely, heating is unimportant
for G0/n > 0.04 cm3 (the H i/H2 transition zone corresponds
to AV ∼ 1–2). For typical PDRs we have the average value
G0/n ∼ 0.1–1 cm3 (Tielens 2005). Hereafter we will consider
G0/n > 0.04 cm3.
According to the concepts of PDR structure, the energy
balance of the H i zone is determined mainly by photoelectric
heating from dust grains and gas cooling through infrared
fine-structure lines of atoms and ions. In the next subsec-
tions, we consider the physical processes in detail.
2.1 Heating
Photoelectric emission from dust grains and polycyclic
aromatic hydrocarbon molecules (PAH) dominates heat-
ing in the atomic zone of PDRs. Photoelectric heat-
ing from interstellar grains (for brevity, the PAH will
be called grains) was first described by Spitzer (1948).
This description was improved by Tielens & Hollenbach
(1985); Bakes & Tielens (1994); Wolfire et al. (2003);
Weingartner & Draine (2001b). We use the modification of
the heating Γpe proposed by Weingartner & Draine (2001b),
which takes dust grain-size distributions into account. We
also consider the energy loss Λpe in the gas due to the ac-
cretion of charged particles on to the grains (it is significant
for high temperature T > 103 K). Heating and cooling are
reproduced by the following functions
MNRAS 000, 1–12 (2016)
Isentropic instability in PDRs 3
Γpe = 10
−26 ergs s−1
× G0
mH
C0 + C1T
C4
1 + C2(G0
√
T/ne)C5 (1 + C3(G0
√
T/ne)C6 )
,
Λpe = 10
−28 ergs cm3 s−1 ne
mH
T (D0+D1/χ)
× exp(D2 + D3 χ − D4 χ2) for χ = ln(G0
√
T/ne) ,
where ne denotes the number density of electrons and mH
is the mass of the hydrogen atom. Almost all carbon near
the surface of PDRs is ionized, hence ne = ξC n, where n
is the number density of hydrogen and ξC is the carbon
abundance in the gas. Coefficients C0, ...,C6 and D0, ..., D4
are given in Weingartner & Draine (2001b) and depend on
the dust properties (grain size, composition) and a radiation
field spectrum.
According to Weingartner & Draine (2001a), grain size
distributions are consistent with the observed extinction
of starlight, which varies depending on the environment
through which light travels. Extinction variations can be
parameterized by the ratio of visual extinction to reddening
RV = AV/EB−V (Cardelli, Clayton & Mathis 1989). A diffuse
interstellar medium with density n 6 102 cm−3 corresponds
to RV ∼ 3.1; higher values RV ∼ 5–6 are observed for dense
clouds n > 104 cm−3 and intermediate-density regions corre-
late with RV ∼ 4. Moreover, Weingartner & Draine (2001a)
showed that grain size distributions reproduce the observed
extinction better if the contribution of very small carbona-
ceous grains is considered. They constructed the size distri-
butions for various combinations of RV and bC, where bC is
the C abundance (per H nucleus) in very small grains (radius
6 100 A˚). Li & Draine (2001) found that the emission ob-
served from dust in the diffuse interstellar medium and the
corresponding extinction curve agree better when bC reaches
the maximum value from all possible variations at the given
RV (i.e. bC = 6 × 10−5 at RV = 3.1). Weingartner & Draine
(2001a) suggest that this assumption also holds in denser re-
gions, therefore the largest allowed values bC = 4× 10−5 and
bC = 3 × 10−5 can be used for RV = 4 and 5.5, respectively.
Hereafter, for simplicity these combinations will be consid-
ered. However, as the application of these results to obser-
vations, we provide an example with bC = 0 and RV = 5.5
(see Section 4, Carina N).
In addition, we make the following assumptions. First,
the grain size distributions are constructed so as to minimize
the influence of carbon and silicate inclusions (case A by
Weingartner & Draine 2001a). Secondly, we adopt a black-
body radiation field with colour temperature Tc = 3 × 104
K.
As a result, the total photoelectric heating is repre-
sented as
Γ(n,T,G0, ξC, RV, bC) = Γpe − Λpe
The function Γ is mainly dependent on the gas temperature
T and grain charge parameter G0
√
T/ne, which characterizes
the ratio of ionization and recombination rates of grains.
An increase in G0
√
T/ne leads to a higher grains charge and
therefore heating efficiency Γ/G0 decreases (Bakes & Tielens
1994). Properties of the gas-dust medium show less heating
efficiency for dense regions characterized by RV = 5.5 (bC =
Table 1. Parameters of the cooling
Spacies λ21
a E21 A21 γ21
(µm) (K) (s−1) (cm3 s−1)
C ii 158 92 2.4 × 10−6 8.12 × 10−10T 0.02
O i 63 228 8.95 × 10−5 4.2 × 10−12T 0.67
O i 146 98 1.7 × 10−5 1.45 × 10−11T 0.44
Note. a The wavelenght of 2 → 1 transition
3×10−5) than for diffuse regions with RV = 3.1 (bC = 6×10−5)
(Weingartner & Draine 2001b).
2.2 Cooling
The atomic gas of PDRs is cooled predominantly
through the fine-structure excitation of ions and atoms
by atomic hydrogen impact. The largest contribution
to the gas cooling comes from the [C ii] 158, [O i]
63 and [O i] 146 µm lines (Tielens & Hollenbach 1985;
Hollenbach, Takahashi & Tielens 1991; Tielens 2005). The
radiative cooling rate due to the transition from upper level
2 to lower level 1 of some species is given by
Λ21 = ξ E21 A21 β(τ21)
× 1
mH
[
1 + g1/g2 exp(E21/kBT)(1 + β(τ21) ncr/n)
] ,
where E21 is the energy difference between two levels, A21
is the spontaneous transition probability, g2 and g1 are the
statistical weights of two levels, kB is the Boltzmann con-
stant and ξ is the abundance (ξC for carbon and ξO for
oxygen). The critical density for de-excitation processes is
ncr = A21/γ21, i.e. roughly the density above which the lev-
els thermalize collisionally. Here, γ21 is the collisional de-
excitation rate coefficient for atomic hydrogen collisions (Ta-
ble 1). Parameter τ21 is the optical depth averaged over the
line and β(τ21) is an escape probability at optical depth τ21
of the line. In the limit of small optical depth, β ∼ 0.5
(in a semi-infinite slab); at large optical depth, β ∼ 1/τ21
(de Jong, Dalgarno & Boland 1980).
Next, we will estimate approximately the relations be-
tween optical depths of lines. Let Nτ21 be the column density
of hydrogen nuclei required for unit optical depth in the level
2 → level 1 transition under the assumption that all atoms or
ions of the corresponding element are in the lower level (an
expression for Nτ21 can be found in Tielens & Hollenbach
1985), i.e. σ21ξNτ21=1, where σ21 is the cross-section absorp-
tion for the level 2 → level 1 transition. For any τ21, we intro-
duce τ21 = N/Nτ21, where N is the column density of hydro-
gen nuclei. For [C ii] 158, [O i] 63, and [O i] 146 µm lines, we
denote the column densities Nτ21 as NτC, NτO63 and NτO146,
respectively, and consequently we have the optical depths
τ21 as τC = N/NτC, τO63 = N/NτO63, and τO146 = N/NτO146,
respectively. Therefore, τO63/τC = NτC/NτO63 = 0.72 × ξO/ξC
and τO146/τC = NτC/NτO146 = 0.92 × ξO/ξC. In the H i zone
of PDRs we usually have τC < 1 (Tielens 2005).
Data of the carbon C and oxygen O abundances varies
for different photodissociation regions. According to obser-
vations, the ratio ξO/ξC is approximately equal to two. For
example, values of ξC are assumed to be ξC = 1.4 × 10−4
(Cardelli et al. 1996) or ξC = 1.6 × 10−4 (Sofia et al. 2004),
MNRAS 000, 1–12 (2016)
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while ξO = 3.2 × 10−4 (Meyer, Jura & Cardelli 1998). How-
ever, there are also higher estimates for the abundances: for
instance, in the Orion Bar: ξC = 3 × 10−4 and ξO = (4 –
5) × 10−4 (Wolfire et al. 1995; Shaw et al. 2009).
Total energy losses in the lines considered are repre-
sented by
Λ(n,T, ξC, ξO, τC) = ΛCII158 + ΛOI63 + ΛOI146
Radiative cooling has its largest value when the optical
depth is small, i.e. τ21 → 0 (β ∼ 0.5). This may occur near
the boundary of the PDR and H ii region.
Thus, we have shown that generalized heat-loss function
Q = Γ−Λ depends on the parameters of the gas-dust medium
and the radiation passing through it (i.e. n,T,G0, RV, bC);
also, Q depends on the cooling line opacity (τC) and the
abundances of heavy elements (ξC, ξO).
2.3 Isentropic criterion
For interstellar gas, acoustic instability was first demon-
strated by Oppenheimer (1977). He noted that this insta-
bility can be understood as the preferential heating of com-
pressed regions of sound wave. It happens if a heating rate
(in ergs cm−3 s−1) is an increasing function of n or T under
conditions where a cooling rate is relatively insensitive to n
or T (see Fig. 1(a) for our model of energy balance). Op-
penheimer found such conditions in the molecular regions of
PDRs, where the molecular transitions governing the cool-
ing of the gas are thermalized (this occurs at high density)
and strong heat sources are present. Here, the heating rate
usually varies at least as rapidly as n and the cooling rate is
almost independent of density. Notice that at high density
the sign of the derivative ∂Q/∂ρ determines the sign of the
isentropic criterion 2.
We shall verify that similar conditions are satisfied for
the atomic zone of PDRs at high density. Indeed, we can see
that photoelectric heating is an increasing function of den-
sity n (Bakes & Tielens 1994) and the cooling rate depends
weakly on n when n > ncr. The justification for the behaviour
of the cooling rate can be as follows. The line [O i] 63 µm
becomes an important component of the total cooling rate
with the increase of density n and FUV field G0 (where G0
influences the steady-state temperature T0) and it becomes
dominant at high n and G0 (Tielens & Hollenbach 1985).
For the cooling line [O i] 63 µm, we have the value ncr ∼ 105
cm−3(where ncr = A21/γ21, see Table 1). At n > ncr, the to-
tal cooling rate depends weakly on n. This behaviour of the
rates is shown in Fig. 1(a).
Thus, by analogy with Oppenheimer (1977), we assume
that the isentropic type can arise in the dense atomic zone
of photodissociation regions. However it is quite a rough
estimate. Exact knowledge of the conditions under which the
isentropic mode will grow can be obtained through a direct
application of the corresponding criterion, i.e. checking the
positivity of the derivative (∂Q/∂T)|s0 > 0.
The locus of the heat-loss function Q satisfying this cri-
terion is shown in Fig. 1(b). Assume that we have a static,
homogeneous gas in thermal equilibrium at some n and T .
We have constructed Fig. 1(b) for typical parameters causing
acoustic instability. The region above the curve of thermal
balance corresponds to Q < 0, because cooling exceeds heat-
ing if the temperature exceeds the equilibrium value for a
(a) (b)
Figure 1. Behaviour of heating and cooling functions (G0 = 10
5,
RV = 5.5, bC = 3 × 10−5, ξC = 1.4 × 10−4, ξO = 3.2 × 10−4 and
β = 0.5): (a) total heating Γ and cooling Λ rates at T = 103
K (where Γpe and ΛOI63 are dominant processes); (b) contour of
thermal balance, Q(n, T ) = 0 (solid curve), with the locus for
constant entropy s (dashed line). The locus only inside a square
(top right) is thermally unstable by the isentropic criterion.
given density. Conversely, the region below the curve corre-
sponds to Q > 0. We consider a small inhomogeneity em-
bedded in this medium and perturb it away from the equi-
librium curve along the locus s ∝ ln(p/ργ) = constant (where
p/ργ ∝ T/nγ−1). Let the inhomogeneity exists at point A; we
displace it slightly to lower (higher) temperatures and lower
(higher) densities along the locus s = constant. According
to the diagram, the inhomogeneity enters a region where
Q > 0 (Q < 0), i.e. where the heating exceeds the cooling
(or vice versa). Thus the inhomogeneity must heat up (cool
down) again and re-expand back toward the point A. All gas
located in the region A is thermally stable.
Now let us consider the case if the inhomogeneity exists
in the square region in Fig. 1(b), e.g. at the point B. If we
take a piece of such a medium and displace it toward lower
(higher) temperatures and lower (higher) densities, it will
now enter a region where Q < 0 (Q > 0), i.e. where cooling
exceeds heating (or vice versa). Thus, maintaining the same
entropy as its surroundings, such a medium would get cooler
(hotter) and more rarefied (denser), until it makes a tran-
sition to the thermally stable state, e.g. to the region A for
Q < 0, or until the heating and compression are stopped for
some reason in the case Q > 0. Gas placed in region B is isen-
tropic thermally unstable. A medium placed in the unstable
region would therefore co-exist in two states, cold rarefied
gas and warm dense gas, at a common entropy s. Investiga-
tions of acoustic perturbations (Krasnobaev & Tarev 1987;
Molevich et al. 2011) and also our calculations (see below)
confirm these features.
Notice that the heat-loss function Q depends not only
on the variables n and T but also on the set of parameters
that define the conditions in the interstellar medium (i.e. the
gas-dust properties and the radiation passing through the
medium represented by RV, bC and G0, the cooling-line opac-
ity represented by τC, and the abundances of heavy elements
represented by ξC and ξO). Therefore, to find the conditions
for isentropic instability growth, we calculate (∂Q/∂T)|s0 and
find the conditions for its positivity (Section 3).
MNRAS 000, 1–12 (2016)
Isentropic instability in PDRs 5
3 PDR PARAMETERS CAUSING
INSTABILITY
To study the instability evolution of travelling waves, we
start with consideration of its general features. Thus in Sec-
tion 3.1 we present a theoretical description of isentropic
thermal instability, followed by a numerical simulation. As
the PDR characteristics vary over a very wide range, in Sec-
tion 3.2 we provide a multivariable analysis to show that the
instability criterion 2 is satisfied.
3.1 Evolution of unstable perturbations
To describe the gas motion in the atomic zone of a PDR, we
consider the system of gas dynamics equations
dρ
dt
+ ρ divv = 0
dv
dt
+
1
ρ
grad p = 0
d
dt
( p
(γ − 1)ρ
)
+
p
ρ
divv = Q
Here ρ = nmH, p = ρRT , t and v are the mass density, pres-
sure, time and gas velocity, R = kB/mH is the universal gas
constant and γ = 5/3 is the adiabatic index. We consider
one-dimensional plane motion with velocity u along the x
coordinate.
The steady state is characterized by ρ = ρ0 and T = T0
at u = 0 such that Γ(ρ0,T0) = Λ(ρ0,T0) = Λ0 and Q(ρ0,T0) = 0.
We assume that the characteristic parameters of gas motion
are the density ρ0, temperature T0, isothermal sound speed
u0 =
√
RT0, time of cooling t0 = RT0/Λ0 and length-scale
l0 = u0t0.
We study the short-wavelength regime of the wave mode
of thermal instability found by Field (1965). In this case, the
wave mode satisfies the isentropic criterion 2 and its growth
rate is given by the expression
ω =
(γ − 1)2
2γR
( ∂Q
∂T
+
ρ
(γ − 1)T
∂Q
∂T
)
ρ0,T0
which is also similar to equation 1.8 in Krasnobaev & Tarev
(1987) (where they use Q per unit volume and time, which
differs from our notation). The characteristic time of pertur-
bation growth for the isentropic type is tinst = 1/ω.
The small-wavelength limit is satisfied when the time
tinst exceeds the sound-crossing time ts = λ/√γu0 ∼ t0λ/l0
(Vazquez-Semadeni et al. 2003), where λ is a wavelength.
For typical parameters of PDRs, cooling time t0 < 10
2 yr and
hence ts < 10
2λ/l0 yr, whereas usually the time of perturba-
tion growth tinst > 10
2 yr. Therefore, to satisfy the regime
tinst > ts we assume, for simplicity, that the wavelength λ is
of the same order as the characteristic length-scale l0.
The condition tinst > ts permits us to use the weak non-
linear theory of Krasnobaev & Tarev (1987). This theory al-
lows us to study the propagation of non-linear stationary
waves of finite amplitude and verify the simulation results.
The influence of dissipative processes, e.g. thermal con-
ductivity, on tinst is seen in the existence of an upper limit on
the wavenumber, above which the growth of perturbations is
inhibited. In the general case, the damping of perturbations
in the short-wavelengths limit follows from the theory of
travelling waves in a thermal conducting medium, which was
investigated by Landau & Lifshitz (1987). Applied to ther-
mal instability, the damping effect was obtained by Field
(1965). The influence of thermal conductivity in PDRs is
discussed in Section 4.
Studies of the isentropic mode (Krasnobaev & Tarev
1987; Krasnobaev, Sysoev & Tarev 1994; Molevich et al.
2011) show that the growth of initially small perturbations
at the non-linear evolution stage is accompanied by the
formation of a sequence of self-sustained shock waves (au-
towaves). Krasnobaev et al. (2016) found numerically that
the waves reach saturation and hence have a maximum am-
plitude that is determined by the heat-loss function Q and
depends weakly on the parameters of the initial perturba-
tions (wavelength λ and amplitude a). We assume that λ =
2l0. Fig. 2 gives an example of perturbation evolution that
begins with a single pulse described by u/u0 = a sin(πx/λ)
at a = 0.1, n/n0 = 1 and p/p0 = 1 for 0 < x < λ. The wave
evolution is calculated by the total variation diminishing
Lax-Friedrichs scheme.
Fig. 2 shows that, for the time about tinst/t0 ∼ 20, the
velocity perturbation grows (also, perturbations of n and p
increase, which we can see at t/t0 = 40) and then a shock
wave forms. The gas state behind the initial perturbation
is not steady and therefore a secondary wave arises. Con-
sequently a sequence of shock waves is generated, which is
shown at t/t0 = 150. The function Q in Fig. 2 shows typical
properties of isentropic oscillations. Thus perturbations are
subject to a slight heating during the compression phase,
which tends to increase the amplitude of the wave.
We consider the distance L between the source of the
initial perturbation and the primary wave when the sec-
ondary wave begins to form (see Fig. 2 at t/t0 = 20). We
can estimate L by the expression
L ∼ a0 tinst or L/l0 ∼
√
γ tinst/t0
where a0 =
√
γRT0. Notice that the distance between the
primary and secondary waves will increase with time, due
to the difference between their velocities.
3.2 Detection of parameters causing instability
We consider the following parameters causing instability:
n0,T0,G0, RV, bC, τC, ξC, and ξO, for which the heat-loss func-
tion Q satisfies criterion 2. The density n, temperature T and
FUV field G0 of PDRs vary over wide ranges (Tielens 2005):
10 < n < 106 cm−3 , 10 < T < 104 K , 10 < G0 < 106 . (3)
We want to find the range of parameters causing in-
stability for intervals 3 and the values of RV, bC, τC, ξC, and
ξO considered in Section 2. First, we consider variations
of RV and bC, which characterize the dust properties for
typical abundances of carbon ξC = 1.4 × 10−4 and oxygen
ξO = 3.2× 10−4. We also assume small optical depths for the
cooling lines. Secondly, we investigate the influence of op-
tical depths on the range of parameters causing instability.
We vary τC from 0 to 1, where τC ∼ 0 corresponds to the
position of matter near the PDR surface, while τC = 1 corre-
sponds to a position further into the PDR. Third, we study
the contribution of carbon C and oxygen O to the variations
of parameters causing instability.
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Figure 2. Evolution of velocity perturbations u for n0 = 5 × 105 cm−3, T0 = 943 K, G0 = 105, RV = 5.5, bC = 3 × 10−5, β(τ21) = 0.5,
ξC = 1.4 × 10−4 and ξO = 3.2 × 10−4. The characteristic time of perturbation growth is tinst = 344 yr, tinst/t0 = 20. The distributions of
density n and pressure p at t/t0 = 40 are shown, as is the generalized heat-loss function Q (dashed curve) at t/t0 = 150 (Λ0 = 1.47 × 102
erg g−1 s−1).
3.2.1 RV variations
As discussed in Section 2, in diffuse regions the combina-
tion of RV and bC has the best agreement with observations
of dust grain-size distributions when bC attains its largest
allowed values. Therefore, we consider three typical combi-
nations: RV = 3.1, bC = 6×10−5 – diffuse interstellar medium;
RV = 5.5, bC = 3× 10−5 – dense clouds; RV = 4, bC = 4× 10−5
– intermediate-density regions.
Criterion 2 in intervals 3 for ξC = 1.4 × 10−4 and ξO =
3.2×10−4 shows that instability appears in dense regions with
105 . n0 < 10
6 cm−3. Such dense gas usually corresponds to
high values of the ratios of visual extinction to reddening,
for example RV = 5.5. Smaller values, RV = 3.1 and 4, are
characterized by smaller density, n0 . 10
4 cm−3, while in-
stability can occur only when n0 & 10
5 cm−3 (see Fig. 3). As
a result, isentropic instability occurs at RV = 5.5. However,
perhaps there are objects in the interstellar medium with
RV > 5 for n0 < 10
4 cm−3 or with RV < 4 for n0 > 105 cm−3.
In the case of RV = 5.5, instability criterion 2 is satisfied,
when there are high intensities of the FUV fields 1.3× 104 <
G0 < 10
6 and high gas densities 1.8×105 < n0 < 106 cm−3 at
temperatures 3.7×102 < T0 < 2.5×103 K. More detailed dis-
tributions of 1/tinst, T0 and G0 depending on n0 are shown in
Fig. 3. We obtain the following intervals: characteristic per-
turbation growth time 3.1×102 < tinst < 105 yr (here an aver-
age value of the upper limit is given, although theoretically
one can have tinst →∞), cooling time 12 < t0 < 34 yr and dis-
tance covering the locations of primary and secondary waves
2.1 × 102 < L < 105 au (also length-scale 4 < l0 < 32 au and
24 < L/l0 < 104). These parameters are shown in Fig. 4 for
τC → 0 (β ∼ 0.5).
Thus, we find that acoustic thermal instability in the
surface layers of PDRs can occur when the gas density and
intensity of the incident FUV field are high.
Next, we explore how the range of parameters causing
instability changes if the opacity of the cooling lines and
variations of element abundances are considered.
3.2.2 Opacity of the fine-structure lines
Strictly speaking, to consider the opacity effect consistently
we should use the distribution of gas parameters in the
atomic zone. As we know, the value τ12 depends on the depth
z of the plane-parallel layer (where 0 < z < Z , i.e. z varies
from the ionization (I) front to the dissociation (D) front),
the level populations of the coolant element (which can be
expressed through the density in all levels n) and the tem-
perature T (Tielens & Hollenbach 1985). The approximate
structure of the H i zone (the thickness Z , distributions of
n(z) and T(z)) are calculated by solving the problem of I-D
front propagation depending on the incident FUV field, dust
properties and abundances of elements. This is a complex
problem even for one particular object with one set of pa-
rameters. For the purposes of our study, we need to consider
a very wide range of PDRs, for which the structures of the
atomic zones will be distinguished substantially from each
other. Therefore, we would like to simplify the estimate of
the optical depth and not to produce the calculation of the
H i zone structure. We assume that, for any combination of
n and T , there exists a z position for which the optical depth
τ12 takes any values in a given interval (known from the
studies of PDRs: Tielens 2005). Presumably, τ12 can suc-
cessively take all interval values independently of n and T .
This allows us to consider the optical depth as a parame-
ter of the cooling function, with values within the allowable
range. We suppose that this approach is acceptable as the
first approximation for a wide objects variation.
The infrared fine-structure [C ii] 158, [O i] 63 and [O i]
146 µm lines in the atomic zone of PDRs are characterized
by optical depths τ21 in the range 0–1 (Tielens & Hollenbach
1985; Tielens 2005). When τ21 increases, the escape prob-
ability β(τ21) decreases. Consequently, the total cooling Λ
weakens and the heat-loss function Q = Γ − Λ increases.
As a result, the steady-state temperature T0 rises when the
density is constant (Tielens & Hollenbach 1985). This tem-
perature behaviour can be seen in Fig. 4, where changes of
all optical depths are expressed through variations τC, the
depth of the [C ii] 158 µm line.
Fig. 4 demonstrates that the inclusion of opacity in the
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Figure 3. Examples where the isentropic instability criterion are satisfied (RV = 5.5, bC = 3 × 10−5, τC ∼ 0, ξC = 1.4 × 10−4 and
ξO = 3.2 × 10−4). (a) Growth rate 1/tinst, (b) temperature T0 and (c) FUV flux G0 (we use the condition G0/n0 > 0.04 cm3, for which
photoelectric heating dominates in a dense gas).
(a)
(b)
Figure 4. Functions (a) tinst, T0, t0, L and
(b) G0 for the optical depth 0 < τC 6 1 at
RV = 5.5, bC = 3 × 10−5, ξC = 1.4 × 10−4
and ξO = 3.2 × 10−4. The logarithmic rela-
tion between G0 and n0 in (b) shows the
boundaries of the parameters causing insta-
bility (the boundaries correspond to the case
1/tinst → 0 and conditions 3 and G0/n0 > 0.04
cm3).
cooling lines expands the range of PDR parameters causing
instability. When τC increases, criterion 2 is satisfied for a
large number of values G0, n0 and T0 and higher values of
time tinst and t0. As a result, the largest depth τC = 1 corre-
sponds to the largest intervals of values G0, n0 and T0. The
lower and upper bounds of tinst, t0 and L correspond to the
values τC → 0 and τC = 1, respectively.
Within the interval 0 < τ21 . 1, we find the minimum
and maximum values of the parameters causing instability.
Thus, we obtain the total ranges: densities 4.5 × 104 < n0 <
106 cm−3, FUV fields 3 × 103 < G0 < 106 (we select cases
for G0/n0 > 0.04 cm3) and temperatures 360 < T0 < 104 K.
We also obtain the time intervals 3.1 × 102 < tinst < 106 yr,
12 < t0 < 2 × 102 yr and length-scales 2.1 × 102 < L < 106 au
(4 < l0 < 3.4 × 102 au, 23 < L/l0 < 104).
Consequently, the previous result (Section 3.2.1), where
isentropic instability occurs in dense PDRs and for high in-
tensity of radiation field, is preserved (but the lower bounds
of values n0, G0 and T0 decrease slightly).
3.2.3 Carbon and oxygen abundances
The C and O abundances of PDRs have typical values
ξC = 1.4 × 10−4 and ξO = 3.2 × 10−4(Cardelli et al. 1996;
Meyer, Jura & Cardelli 1998). To find the influence of ξC
and ξO on the parameters causing instability, we consider
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variations of the abundances within the ranges used in early
studies of PDRs, i.e. ξC = (1.4–3)×10−4 and ξO = (3–5)×10−4
(Tielens & Hollenbach 1985; Wolfire et al. 1995). The main
results are shown in Fig. 5.
The carbon abundance influences gas cooling and heat-
ing (where ξC governs the electron density ne). However, in
a medium with high density (n & 105 cm−3), the cooling in
the [O i] 63 µm line is significantly larger than that in the
[C ii] 158 and [O i] 146 µm lines (Tielens & Hollenbach 1985;
Burton, Hollenbach & Tielens 1990). Therefore, the contri-
bution of carbon to the total cooling Λ is very small. The
dependence of photoelectron emission on electron density ne
is well known, i.e. a decrease of ne leads to a decrease in to-
tal heating Γ. As a result, ξC reduction causes a decrease of
the steady-state temperature T0 obtained from the equation
Γ−Λ = 0. This property is shown in Fig. 5(b), which presents
a comparison of curves ξC, ξO (×104) between values 3, 5 and
1.4, 5. At the same time, the oxygen only influences the gas
cooling. Therefore, ξO reduction leads to a decrease in heat-
ing Γ and hence leads to an increase in T0 (see Fig. 5(b)
when ξC, ξO (×104) are equal to 3, 5 and 3, 3). We note that
the influence of a general decrease of C and O abundances
on T0 is established by direct calculations of the Γ and Λ
functions.
The variations of ξC and ξO change the range of pa-
rameters causing instability (see Fig. 5). However, even if
we take into account the opacity of cooling lines, then the
orders of the values n0,G0,T0, tinst, t0, and L are compara-
ble with the corresponding orders for typical abundances ξC
and ξO (see Section 3.2.2). Thus, for ξC = (1.4–3) × 10−4 and
ξO = (3–5) × 10−4 at 0 < τ21 . 1, we obtain the following
total intervals: densities 2.2 × 104 < n0 < 106 cm−3, FUV
fields 1.3 × 103 < G0 < 106 (when G0/n0 > 0.04 cm3) and
temperatures 322 < T0 < 10
4 K. We also obtain the charac-
teristic perturbation growth time 1.7 × 102 < tinst < 106 yr,
cooling time 7 < t0 < 4.5 × 102 yr and distance covering the
locations of primary and secondary waves 102 < L < 106 au
(3 < l0 < 7.5 × 102 au, 23 < L/l0 < 104).
The greatest change in the range of parameters causing
instability is induced by a significant reduction of the oxygen
abundance. We considered the limiting situation, when the
fine-structure [O i] 63 and [O i] 146 µm lines are neglected
completely (see Fig. 5(c) for ξC, ξO (×104) are equal to 1.4,
0). In this case, the isentropic instability criterion is satisfied
for intermediate densities 6 × 102 < n0 < 2.5 × 104 cm−3 and
for a wide range of FUV fields 20 < G0 < 10
6 at temperatures
1.1× 102 < T0 < 9× 103 K. Nevertheless, the thermal balance
model of the H i zone in PDRs, in which the oxygen fine-
structure lines were ignored at intermediate density (n > 102
cm−3), requires theoretical and observational arguments. We
could neglect the [O i] 63 µm emission compared with the
[C ii] 158 µm line only for low-density PDRs, i.e. diffuse gas
with n < 102 cm−3 (Hollenbach, Takahashi & Tielens 1991).
However, for such low densities the isentropic instability cri-
terion 2 is not satisfied. Diffuse clouds usually have another
model of chemical and energy balance (Wolfire et al. 1995,
2003), which differs from the case of dense clouds. More-
over, thermal instability may also occur in diffuse gas, but
in another mode, the isobaric instability 1.
3.2.4 General results
We found the conditions for which the isentropic instabil-
ity criterion 2 on the surface layer of a PDR is satisfied.
We used a model of the energy balance with photoelectric
heating from interstellar grains and cooling through the fine-
structure [C ii] 158, [O i] 63 and [O i] 146 µm lines. For a
wide range of parameters, which characterize the general-
ized heat-loss function Q = Γ −Λ, we obtained the following
results.
• Isentropic thermal instability can occur if the gas den-
sity and intensity of the incident FUV field are high. We
estimated ranges of the FUV field, density, and tempera-
ture when the opacity of the cooling lines (0 < τ21 . 1 )
is taken into account and C and O abundances are typical:
ξC = 1.4 × 10−4 and ξO = 3.2 × 10−4. These intervals are
3 × 103 < G0 < 106 , 4.5 × 104 < n0 < 106 cm−3 ,
360 < T < 104 K .
(4)
We also obtained ranges of characteristic perturbation
growth time 3.1 × 102 < tinst < 106 yr, cooling time 12 < t0 <
2 × 102 yr and distance that characterizes secondary wave
formation 2.1 × 102 < L < 106 au (for initial perturbation
wavelength 4 < λ < 3.4 × 102 au, where λ = l0).
• Variations of carbon and oxygen abundances ξC = (1.4–
3) × 10−4, ξO = (3–5) × 10−4 slightly change the ranges of the
parameters causing instability, but the ranges correspond
to within the order of their values in the case of typical
abundances (ξC = 1.4 × 10−4 and ξO = 3.2 × 10−4). If we take
into account the opacity of the cooling lines, then we obtain
the intervals
1.3 × 103 < G0 < 106 , 2.2 × 104 < n0 < 106 cm−3 ,
322 < T < 104 K .
(5)
• A significant decrease of the oxygen contribution to gas
cooling gives the greatest impact on the change of the pa-
rameters causing isentropic instability.
4 EXAMPLES OF OBSERVED PDRS WHERE
INSTABILITY CAN OCCUR
The assumption that the turbulent motion in an atomic
interstellar medium can be caused by thermal instabil-
ity was discussed earlier by Kritsuk & Norman (2002);
Brandenburg, Korpi & Mee (2007); Iwasaki & Inutsuka
(2014). These articles studied the isobaric mode of thermal
instability and considered the heat-loss rate Q for a diffuse
atomic gas (Wolfire et al. 1995). However, as we shall see be-
low, turbulent motions in a dense PDR can also be caused
by the isentropic type of instability.
The results obtained in the previous sections can be
used to find out whether instability of travelling waves arises
in some observed PDRs. Let us consider examples of these
PDRs and discuss the corresponding estimates of the main
parameters causing instability. The main parameters are the
FUV field G0, steady-state density of the atomic gas n0 and
abundances ξC and ξO. The gas temperature T0 is determined
from the equation of energy balance and depends on the
optical depths of cooling lines. The observed PDRs with
parameters satisfying the ranges 4 and 5 are given in Table 2.
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(a)
(b) (c)
Figure 5. Influence of carbon and oxygen abundances (RV = 5.5, bC = 3× 10−5, τC ∼ 0): (a) tinst, T0 and t0 for G0 = 105 and 106 (solid and
dashed curves); (b) heating Γ and cooling Λ rates for G0 = 10
5, n0 = 5 × 105 cm−3. Panel (c) shows the boundaries of parameters causing
instability for ξC, ξO as in panels (a) and (b) (solid curve) and for case τC = 1 at ξC, ξO(×104) equal to 1.4, 1.4 (little dashed curve) and
when cooling in the [O i] lines is neglected (RV = 4, bC = 4 × 10−5 and τC ∼ 0: dash-dotted line).
Table 2. Examples of the observed PDRs.
Object PDR G0 n T ξC ξO R D
cm−3 K ×104 ×104 pc pc
1 Orion Bar [1-4](4) [0.5-1](5) [0.5-1](3) 3 5, 4a 0.02b 0.3
2 NGC 2023 S [3-6](3) [0.5-2](5) [0.3-1](3) 1.4 3.2 0.004c 0.04
3 NGC 7023 NW [2.6-7.7](3) [0.5-2](5) [3-5](2) 1.6 3.2 0.02d 0.1
4 Mon R2 [0.5-1](5) [0.4-4](5) [3-6](2) 1.6 3.2 0.001e -
5 Carina N f [0.7-1.6](4) [2-10](5) [3-6](2) 1.6 3.2 - -
Notes.
Numbers in parentheses: [1-4](4) corresponds to the interval 104 – 4 × 104.
The last two columns are approximate sizes of the PDR atomic layers, where R and D are sizes in the radial and perpendicular directions.
References. Objects:
1. Tauber et al. 1994; Young Owl et al. 2000; a Pellegrini et al. 2009; b Bernard-Salas et al. 2012.
2. c Sheffer et al. 2011; Sandell et al. 2015. 3. Joblin et al. 2010; d Pilleri et al. 2012; Okada, Pilleri & Berne 2013.
4. Berne et al. 2009; e Pilleri et al. 2014; Okada, Pilleri & Berne 2013. 5. Brooks et al. 2003; Kramer et al. 2008;
f according to Okada, Pilleri & Berne 2013 we assume the absence of the [O i] 146 µm emission and bC = 0 at RV = 5.5.
Fig. 6 for each of the PDRs shows functions T0, tinst and
L for which criterion 2 is satisfied. We found typical values
of the gas temperature T0 ∼ 3× 102–2× 103 K, characteristic
perturbation growth time tinst ∼ 103 –104 yr and distance
characterizing secondary wave appearance L ∼ 2 × 102–104
au = 10−3 – 5×10−2 pc at the wavelength λ ∼ 6×10−5−2×10−3
pc. We see that the average scale L is less than (or the same
order as) the atomic layer sizes R or D in Table 2. Since
the amplitude of waves for propagation time t ∼ tinst is close
to the amplitude of the saturation mode (Krasnobaev et al.
2016), we can expect a significant influence of autowaves on
the velocity dispersion if R & L or D & L and t & tinst.
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(a)
(b)
Figure 6. Functions tinst, T0, and L of τC on surfaces of PDRs with parameters similar to values from Table 2: (a) NGC 7023 NW, NGC
2023 S and Orion Bar for RV = 5.5, bC = 3 × 10−5; (b) Carina N and Mon R2 for RV = 5.5. Note numbers in parentheses: 4(3)=4 × 103.
Next we consider the influence of isentropic instability on
the velocity field v, density ρ and temperature T in detail.
As was shown in Section 3.1, acoustic instability is char-
acterized by presence of multiple shock waves in the gas. The
corresponding relative variations u/u0, ρ/ρ0 and T/T0 behind
the shocks have amplitudes in the range 0.1–0.5, where the
maximum of the values corresponds to the saturation ampli-
tude (Krasnobaev et al. 2016). Consequently, the turbulent
velocity uturb, which has the same order as the gas velocity
behind the shock wave, is approximately equal to several
kilometers per second (see below for details). Due to colli-
sions of the shock waves with sharp boundaries, such as ion-
ization and dissociation fronts, the value of the turbulent ve-
locity uturb can be higher (Chernyi 1988). These velocity vari-
ations are quite accessible to observations (Miesch & Bally
1994; Yoshida et al. 2010). Multiple shock waves can be ob-
served morphologically as filamentary or reticulate struc-
tures, not only in an H i zone but also in ionized gas (due
to the penetration of perturbations into an H ii region). If
acoustic instability occurs, then the density and temper-
ature in filamentary structures is higher than that in the
surrounding gas. Such structures are observed, for example,
in RCW 120 (Zavagno et al. 2007; Deharveng et al. 2009).
They could be formed for a time shorter than the age of
RCW 120. We take into account the fact that the density
and temperature distributions in RCW 120 are sufficiently
inhomogeneous. Using RCW 120 estimates from the liter-
ature (Zavagno et al. 2007; Torii et al. 2015), we find that
in dense clouds we have n0 ∼ 105 cm−3, T0 ∼ 550 K and in
a less dense medium we have n0 ∼ 104 cm−3, T0 ∼ 140 K.
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According to the PDR model of RCW 120 by Rodon et al.
(2015), we have the density n0 ∼ 2×104 cm−3 and FUV flux
G0 ∼ 6 × 102. RCW 120 parameters differ insignificant from
the parameters causing isentropic instability (see ranges 4
and 5). For example, if we assume n0 = 7 × 104 cm−3 and
G0 = 3 × 103 then, using our energy balance model (Section
2) and criterion 2, we find T0 = 5.2× 102 K, tinst ∼ 7× 103 yr,
L ∼ 4 × 103 au = 2 × 10−2 pc for τC ∼ 1 and ξC = 1.4 × 10−4
and ξO = 3.2 × 10−4. The characteristic perturbation growth
time tinst is less than the estimated age of the H ii region,
which is greater than 4 × 105 yr, and the length-scale L is
less than the thickness of the surface layer R ∼ 5 × 10−2 pc
(Zavagno et al. 2007; Torii et al. 2015).
The presence of multiple shocks (autowaves) can also
be manifested as significant changes of gas parameters (den-
sity, velocity and temperature) on very small spatial scales
that are the same order as the thicknesses of the correspond-
ing shock fronts dS ∼ 1015/n cm (Landau & Lifshitz 1987),
where dS < 10
13 cm ∼ 3×10−6 pc at n > 102 cm−3. The exis-
tence of similar fluctuations is shown by the analysis of tur-
bulent velocities in the Orion Nebula (Ferland et al. 2012).
Observation of this object in the atomic zone of the PDR
gives uOrion
turb
≈ 5 kms−1 at T ≈ 103 K. For such a gas temper-
ature, the adiabatic sound speed is aOrion
0
≈ 3.7 kms−1(the
mean mass per particle is equal to 1.3). Since the turbu-
lent velocity uturb has the same order as the gas velocity u
(moreover, it can be estimated as 2u, Ferland et al. 2012),
its magnitude corresponds to uturb ∼ 2u ∼ 2 × 0.5u0 = 0.8a0.
Therefore, in the case of the possible growth of isentropic
perturbations, we can obtain the turbulent velocity in this
PDR as uturb ∼ 3 kms−1. Though the estimate uturb is slightly
less than the observed velocity uOrion
turb
, we have satisfactory
conformity in these values.
The study of the observation data in this section was
obtained under the assumption that we can neglect thermal
conductivity. This assumption is valid if tinst ≪ th, where the
conductive time is th = λ
2nkB/(γ − 1)κ and the coefficient
of thermal conductivity for atomic gas (Lang K.R. 1974) is
κ = 5kB/2mH 5.7 × 10−5
√
T (ergs s−1 K−1 cm−1). For typi-
cal PDR parameters such as n ∼ 105 cm−3 and T ∼ 103 K
at the average time tinst ∼ 103 yr (for example the Orion
Bar: Table 2, Fig. 6), we find that tinst < th is satisfied when
wavelength λ > λcr = 10
−6 pc (where λ2crnkB/(γ − 1)κ = tinst).
Since, for the PDRs studied above, we have the wavelength
of adiabatic perturbations λ ∼ 6 × 10−5 − 2 × 10−3 pc, for
such conditions the influence of thermal conductivity is in-
significant. Notice that the critical wavelength λcr is sim-
ilar to the length from Field’s theory (Field 1965), i.e.
λF = 2π/
√
ρ0(QT + ρ0Qρ/(γ − 1)T)/κ. On the other hand, in
a dense PDR, perturbations with a very small scale of the
order of the shock-front thickness dS will be damped under
the influence of conductivity.
We emphasize some limitations and uncertainties that
appear in the development of our model. Consistent treat-
ment of the opacity effect assumes that there are distribu-
tions of n(z) and T(z) in the atomic zone that correspond to
one set of values τ12(z, n,T) for the cooling lines. The result-
ing values obtained by this approach (n0, T0 and τ12 in all
the atomic zone ) are contained among the values found in
our rough approximation (see Section 3.2.2). In other words,
by a consistent treatment we can obtain a smaller number of
resulting values (up to a total absence) satisfying the insta-
bility criteria compared with the case of our approximation
(Fig. 6). The results of the rough approximation give a larger
number of combinations of parameters that characterizes the
medium in a state of thermal instability than is the case for
real PDRs. However, our approach allows us to estimate the
order and the approximate values of these parameters.
Another significant limitation is the neglect of large-
scale motions in PDRs. If we take these motions into ac-
count, then the energy balance and consequently the gas
temperature and density can change. We cannot exclude
completely the influence of the magnetic field, radiation
pressure and cosmic rays (Pellegrini et al. 2009) on the
growth and structure of perturbations. However, detailed
information about these processes is currently unavailable
for most of PDRs.
5 CONCLUSIONS
The general aim of this work was to determine the imple-
mentability of isentropic thermal instability in the atomic
surface layers of PDRs. Our research has verified it.
• We proposed a model of energy balance on the surface
of a PDR, in which gas is heated by photoelectron emission
from dust grains and cooled through the fine-structure ex-
citation of ions and atoms by atomic hydrogen impact. We
have taken into account the intensity of the far-ultraviolet
radiation penetrating to the PDR, the optical depth of fine-
structure lines and variations in abundances of heavy ele-
ments.
• We found that, for typical abundances of elements, the
medium will be thermally unstable for a dense PDR (n0 >
2 × 104 cm−3) and high intensity of the far-ultraviolet field
(G0 > 10
3). When we take into consideration the opacity of
the cooling lines, the intervals of key parameters (G0, n0 and
T0) causing instability are expanded. We also found that the
instability criterion depends significantly on the relations of
carbon and oxygen abundances.
• We gave examples of observed dense PDRs that are af-
fected by high-intensity FUV flux and in which isentropic
instability can occur. We found the characteristic perturba-
tion growth time tinst ∼ 103–104 yr and distance covering
the locations of primary and secondary waves L ∼ 10−3 –
5× 10−2 pc. For objects older than tinst and with the scale of
the atomic zone greater than L, we described the features
of the instability (for example, RCW 120). These features
include the presence of multiple shock waves and filamen-
tous structures with higher density and temperature than
the surrounding medium.
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